The hydrogeologic conceptual model is a key source of uncertainty in predictions of groundwater flow. The data used to develop the hydrogeologic conceptual model include geologic sample descriptions, interpretations of geophysical data, geochemical information et al. Frequently there is insufficient information to fully describe the hydrogeology without considerable interpretation from an expert. Existing methods for capturing this knowledge rely on the manual interpretation of hydrogeological structures. This procedure is time consuming, difficult to update and also makes it difficult to maintain alternative interpretations of the hydrogeology.
INTRODUCTION
There is an increased focus on the development of groundwater models and addressing the uncertainty that is inherent when a system is underdetermined to the degree seen in groundwater systems. A number of works show that the uncertainty associated with developing the geological model, or hydrogeological conceptual model, is a fundamental source of uncertainty in the predictions from groundwater models (Poeter 2007; Stauffer 2005) . Since, uncertainty is guaranteed in a groundwater model, it is imperative to develop groundwater models in a manner that clearly exposes the uncertainty by using methods that allow this uncertainty to be explored. This, in part, can be done by applying parameter estimation (optimization) methods such as advocated by Moore and Doherty (2006) . However, those methods are not well suited to geological interpretations.
The data used to develop the hydrogeologic conceptual model includes geologic sample descriptions, interpretations of geophysical data; geochemical information et al. Existing methods for capturing knowledge from these data sets rely on manual interpretation of hydrogeological structures. This procedure is time consuming, difficult to update and reproduce as well as make it difficult to maintain alternative interpretations of the hydrogeology. Our method provides both intuitive tools to aide in capturing knowledge from data as well as separating the interpretation from data.
Radial Basis Functions's (RBF's) have been previously applied in groundwater modeling (Li et al. 2003; Shafieifar et al. 2007) . We apply RBF's to develop hydrogeological models from 3 and 4-dimensional data sets processed using our knowledge capture methods. The RBF's are used to model the components of the hydrogeological system: aquifers, aquitards, boundaries, drains, and rivers based on data.
This approach has significant advantages. Firstly, the models are consistent with the known data and can be automatically updated when new data comes to hand. Secondly, the models can be influenced by both the choice of high level parameters such as anisotropy while maintaining consistency with the data. Thirdly, the user can add manual interpretations (trends or a priori information) that are maintained separately from measurements, but are then merged in the model building process to produce a model consistent with both measured and interpreted data. Once created, the model can be iso-surfaced or gridded at any resolution or fitted to any mesh, a process that provides a flexible interface to flow simulators.
The methodology will be demonstrated on data sets from New Zealand and Denmark.
METHOD
The general approach of the method is presented, then Radial Basis Functions which underpin the method are described, and finally the implementation of the method is presented.
The foundation of the method is the concept of a grid free conceptual model. This is based on a set of fundamental ideas:
 Intuitive knowledge capture from data,  Data driven equations (RBF's) to describe individual elements of the hydrogeologic system, and  The ability to carry out logical operations on the elements of the hydrogeologic system as well as a priori knowledge about the system.
Method overview
The general application of the method is shown in the Figure 1 . The key elements of the method are the development of representations (equations) for data, (e.g. geology, topography, etc.) and a priori knowledge (e.g. structural trends). This concept can be extended to all input for model development. Special logical operators exist for geological conditions, such as erosion surfaces, so that the interrelation of formations can be explicitly defined. Finally, state information can be added to the model in order to complete the description needed to carry out a flow simulation. This paper focuses on the stages up to and including models for formations. To walk through the development process:
1. A data set, say lithological well logs, is selected, 2. Grouping of formations according to hydrogeologic behavior leads to contact points that describe the contact between hydrogeologic units. 3. RBF's are fitted to these sets of points, and can be visualized. 4. A priori knowledge, or other data (e.g. dip and strike) are combined with the appropriate RBF's; which results in a description of contact surfaces 5. Formation contacts are arranged in chronological order and the relation to over-and under lying formations is provided (e.g. non-conformal relations). 6. Boundaries are added to the system description, and 7. A solid geometrical model, as RBF's, is produced for the hydrogeological system. Surface water system features (e.g. rivers, drains, etc.) can be processed in a similar manner. As the topography is represented by an equation, elements are controlled to ensure they lie on the surface, flow down-hill and other error checking. Exterior boundary conditions are processed in a similar manner. State data is also maintained in the system, and is processed to produce input to the groundwater model.
There is in principle no limit to how information can be combined to form a hydrogeologic element, for example formations can be described by a combination of well log information, geophysical data and (hydro-) geochemical information.
Radial Basis Functions
The equations used to represent hydrogeological system elements are developed by fitting RBF's to the data set. RBF's are well established set of methods used in scattered data interpolation, signal processing and artificial intelligence methods. RBFs are real valued functions defined as:
Where, c is the ith center, x is locations in space (or space-time), w is a weight and function  can be any one of a number of functions but typically is either, gaussian, quadratic, or a type of spline function. We apply a polyharmonic (thin-plate) splines function for . The key factor in the application of a RBF is the determining the weights w i associated with centers c i , which is a straight forward optimization problem.
Implementation
The methodology is implemented into a unique computer aided modeling environment. The environment has a complete suite of tools for all of the tasks delineated in Figure 1 . A prime goal in the implementation of the method is to develop an intuitive user interface. Furthermore, advanced graphics are included in the interface in order that the significance of choices on the resulting hydrogeological model.
CASE STUDIES
Two case studies are presented: a layered aquifer system from New Zealand and a till-outwash complex that overlies a chalk aquifer from Denmark. The focus of these two case studies is to demonstrate the transparency of developing the hydrogeologic frame work in the proposed manner as well as the ability to quickly develop and compare alternative conceptual models for the hydrogeology.
New Zealand Aquifer System
The aquifer system was deposited as a series of alluvial deposits from an area that is being uplifted due the pacific plate being subducted under the Tasman plate, interbedding these alluvial deposits are near shore marine and estuary fine grained sediments. In other words a classic progressive-regressive sedimentary sequence bordered to the South by a volcanic massif.
Figure 2. Distribution of wells for the New Zealand case study.
Data. The data for the development of the hydrogeologic framework are 2271 well logs of varying depth. In addition to the well logs there is a digital elevation model, GIS themes for surface water bodies, and time series data for groundwater recovery and water levels. The distribution of wells is shown in Figure 2 . Aquifer Oldest
There are 8 formations that need to be represented in the hydrogeological model (Table 1) . A problem lies in how the interpretation of the well logs has been recorded; for example the Littleton fm. is normally denoted -LI‖, but in the record one can find not only LI, but LI?, LI-1, LI-2, etc. This problem extends to the other formations as well. The knowledge capture approach we develop aides the hydrogeologist by first presenting all these variations as a group, but then providing tools that allows them to -drag and drop‖ into a re-classification of the data ( Figure  3 ). Then contact points for the extremes of the group can be extracted (Figure 4) . Surfaces are modeled by RBF's through the contact points (Figure 4) . A series of contacts surfaces are modeled that describe the hydrogeological sequence (Table 1) ; and used to define the hydrogeologic formations as solid volumes ( Figure 5 ). 
Djursland Aquifer System
In Djursland, Denmark ( Figure 6 ) there was deposited a series of glacial and postglacial sediments on top of an erosion surface which consists of chalk. The glacial sediments have been partially reworked by subsequent glaciations and Quaternary sedimentation. The result is a far more complex geological setting than what is seen in the previous example. Here we have non-layered geology (till complex) resting on an erosion surface ( Table 2 ). The main hydrogeologic issue in the region is quality degradation due to nitrates. Data. The data for the development of the hydrogeologic framework are 3851 well logs of varying depth. In addition to the well logs there is a digital elevation model and groundwater chemistry data. It is very time consuming if one is to group formations by hand for 3851 well logs, though one can learn by inspecting crosssections and from experience, which formations are hydrogeologically similar. Our knowledge extraction process quickly resolves the hydrogeological formations at the site.
The hydrogeologic problem is to define sand and gravel aquifers and specifically identify where there is good groundwater protection, i.e. thick tills overlying sand and chalk. The upper 10 -30 meters of the chalk is a fractured aquifer, regardless of the type of chalk. The geology is simplified into hydrogeological formations in the following manner: tills and silts and other fine grain sediments form one hydrogeologic formation; while sands and gravel form a second formation; finally chalk formations are placed into a 3 rd formation. The surface between chalk and the other formations is defined as an erosion surface . Figure 7 shows the conceptual problem that is solved in the Djursland hydrogeology; that is we have a non-layered system overlying a layered system. The proposed method is ideal to addressing this type of problem because the RBF based model is not constrained to a layered system.
Another problem that needed to be addressed here is that as Djursland is a peninsula, there are no wells to the north and south. This causes a problem with the chalk surface as most interpolation routines will result in the chalk being exposed in the fjords north and south of Djursland. However, the addition of dip points just off shore for the erosion surface -forces‖ the chalk surface deeper, as we know is the case from wells north of the fjord. Figure 8 shows the result of the modeling exercise for Djursland where we see a very heterogeneous system overlying the chalk surface. 
CONCLUSIONS
We have presented a methodology that can be applied to develop hydrogeological models in complex hydrogeological systems. We believe the method shows advantages in extracting knowledge from the data and developing grid free hydrogeological models. The method also shows advantages in clearly indicating knowledge that comes from data versus expert opinion/a priori knowledge. A significant part of the advantage with the method is how it is employed in the implementation and is experienced carrying out the work flow in developing a hydrogeological model as well as in the collaboration between the geologist and hydrogeologist. This is difficult to demonstrate in a technical article.
The method was illustrated for 2 examples: one from New Zealand and another from Denmark. The Danish example shows advantages in modeling non-layered aquifer systems.
